Fluorescent, lanthanide-doped nanoparticles (Ln-NPs) have recently received a lot of interest due to their potential applications in biomedicine; especially in bioimaging, but also in therapy. [1] [2] [3] The fluorescence of the Ln-NPs is an intrinsic property of the Ln ions, which distinguishes them from quantum dots and Au NPs, in which the fluorescence originates from size-related effects (quantum confinement and surface plasmon resonance, respectively). 4 Consequently, Ln-NPs of any size can, in principle, absorb and emit near-infrared (NIR) light with significantly deeper penetration, reduced tissue damage and negligible autofluorescence, in comparison to the excitation with visible or ultraviolet light. For this reason Ln-NPs, featuring a NIR-to-NIR upconversion (UC), have been intensively studied. The UC process is characterized by the emission of light with shorter wavelengths than that of the excitation source. In particular, NPs co-doped with Yb 3+ and Tm 3+ can be excited via the absorption by Yb 3+ of NIR light with around 980 nm followed by energy transfer to the excited states of Tm 3+ , which can be relaxed by emitting NIR (around 800 nm) or blue light. 1 In addition to the dopant concentrations, the efficiency of the UC fluorescence also depends on the matrix of the host crystal. Due to their lower phonon energy and, consequently, lower, nonradiative losses, fluoride matrices are preferred over the oxides. 1, 2 Various binary (LnF 3 , Ln = Sc, Y, La-Lu) and ternary fluoride matrices (MLnF 4 , M = Li, Na, K) Ln-NPs were studied previously. 3, 5, 6 Different methods were proposed for the synthesis of Ln-NPs with controlled size, morphology, stability in different solvents, and optimized UC efficiency. While solvothermal (including hydrothermal) syntheses can be designed to produce hydrophilic Ln-NPs, as well as being ecofriendly and suitable for scaling-up, thermal decomposition in high-boiling-point solvents yields Ln-NPs with a better crystallinity, a more homogenous size and superior UC properties. 1, 7 In the latter case, the hydrophobic surfaces of the as-synthesized UC-NPs need to be modified into hydrophilic surfaces for in vivo applications. The application of the Ln-NPs in biomedical imaging and therapy was proposed based on their presumed low toxicity. 5, 8 However, despite the known chemical stability and poor solubility (i.e., chemical solubility and not colloidal stability, which is often denoted as solubility) of bulk Lnfluorides 9,10 a partial dissolution of selected Ln-NPs in water was observed in this study. NPs often show higher solubility rates with respect to coarser particles or bulk material, since the solubility rate depends on the surface-area-to-volume ratio, the surface roughness and the curvature. 11 Namely, smaller particles with a smaller radius of positive curvature are energetically unfavourable and their equilibrium solubility is larger than that of coarser particles. In accordance with the above, larger solubilities were determined for the binary Ln-fluoride (LnF 3 ) powders than for the respective single crystals. 12 The solubility products of LnF 3 powders in water at 25 °C are low and increase with the increasing atomic number of the Ln: from K sp = 3.26×10 -21 for LaF 3 powders to K sp = 1.26x10 -19 for LuF 3 powders, with a significantly higher solubility of ScF 3 , K sp = 2.98x10 -12 . 10 For comparison, the solubility product of water-soluble NaF is K sp = 7.1x10 -1 . 12 The solubility also depends on the pH and can be also additionally altered by the presence of other ions or ligands, which can form soluble complexes with Ln 3+ or F − . 13, 14 Consequently, the solubility of the NPs is also affected by the synthesis conditions. Ion leakage and dissociation at the surface of the NPs represents another possibility for the release of potentially toxic ions.
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The solubility data for ternary Ln-fluorides are very limited, as they are considered to be stable and not hygroscopic. 1,2,9 Nevertheless, a relatively high solubility (K sp = 2.55x10 -12 ) was reported for NH 4 ScF 4 . 15 The leakage of Ln 3+ from UC-NPs (for example, in NaYF 4 , CaF 2 , and Gd 2 O 3 matrices) and their (cyto)toxicity was questioned before. 16 A limited number of studies report on the genesis of nephrogenic systemic fibrosis and calcific uremic arteriolopathy induced by the released Gd 3+ from Gd-based MRI contrasting agents and on the neurotic symptoms caused by La 3+ and Yb
3+
. 17 It is also demonstrated that sufficiently large concentrations (around few mM) of F − (and HF, which is present at pH < 3) present a cytotoxic threat in different tissues. 18 The apoptosis and/or necrosis were caused by the F − in-vitro and in-vivo due to the induction of inflammatory reactions, cell contraction, the inhibition of protein synthesis, cell-cycle progression, oxidative stress and/or DNA damage. Therefore, a systematic solubility analysis of the fluoride Ln-NPs is necessary for an evaluation of their potential cytotoxic effect. In this work we present, for the first time, data on the dissolution of selected binary and ternary fluoride Ln-NPs: LaF 3 , GdF 3 , and NaYF 4 co-doped with Yb 3+ and Tm
. The Ln-NPs with sizes of 10-100 nm were synthesized in aqueous and non-aqueous media. The dissolution of Ln-NPs in water suspensions was detected in all the samples, regardless of their size, structure and the synthesis method. Ln-NPs with compositions of NaYF 4 , LaF 3 and GdF 3 co-doped with Yb 3+ (20 at.%) and Tm 3+ (2 at.%) were synthesized hydrothermally (HT), solvothermally (ST) or with thermal decomposition (TD) using established procedures. 7, 19 The samples were denoted as listed in Table 1 . The detailed experimental procedures are given in the Experimental section in the ESI. The X-ray diffraction (XRD) analysis ( Fig. S1 in ESI) suggests that all the samples are single phase. NaY-HT and NaY-ST NPs both crystalized in a cubic, α-NaYF 4 , structure, while hexagonal, β-NaYF 4 , NPs were synthesized with the TD method. La-HT and La-ST NPs crystallized in a hexagonal structure, and Gd-HT and Gd-ST NPs crystallized in an orthorhombic structure. For all the compositions Ln-NPs with smaller sizes were obtained with the ST synthesis than with the HT synthesis, while their crystal structures were the same for both synthesis methods (Table 1) . Transmission electron microscope (TEM) images (Fig. 1) show the difference in morphology between the different Ln-NPs. The NaY-ST sample consists of a mixture of spherical and anisotropic (elongated) Ln-NPs, while the NaY-TD and NaY-HT (not shown) NPs are (nearly) spherical. The La-HT and Gd-HT are of irregular and anisotropic shape, and the aggregates of the Gd-HT NPs have similar shapes to the individual Ln-NPs. These specific shapes of the binary HT samples are similar to their ST counterparts, i.e., La-ST and Gd-ST. The selected-area electron diffraction of all the samples confirmed the structures identified with the XRD analyses and the energy-dispersive X-ray spectroscopy analysis confirmed the presence of all the constituent elements, including a minor fraction of O. The latter could originate from the surface ligands (CA, PEI or OA; see Experimental section in ESI). The UC fluorescence spectra of the NaY-NPs (Fig. 2) show most prominent emission in the NIR, around 800 nm. Six individual transitions were identified within this emission band, with peaks at 770, 782, 793, 800, 817, and ~834 nm. This matches the potential for 6-fold splitting of the Tm 3+ ground state manifold, 3 H 6 . The spectral structure of this emission provides a valuable insight into the interaction of the Tm 3+ electronic levels involved in the respective radiative transition (i.e., 3 H 4 → 3 H 6 ) with the local crystal field. E.g., the broadening of individual emission peaks in NaY-ST, as compared to NaY-HT, indicates a more disordered crystal matrix. This is in agreement with the considerably smaller size of the latter NPs (Table 1) and their broader XRD peaks (see Fig. S1 in the ESI). In the NaY-TD NPs, in contrast, only 3 transitions are evident in the same spectral range, with the 800 nm peak dominating over those at 782 and 817 nm (Fig. 2, bottom) . In addition, the UC emission is considerably stronger than in the HT-and ST-samples, in agreement with earlier reports. 1, 9 (Note that a factor of 3 was applied in Fig. 2 to reveal the structure of the first two spectra.) This reflects the difference in crystal structure (between α-NaYF 4 and β-NaYF 4 ; see Table 1 ), as revealed also by XRD. The UC fluorescence in blue (peaks at 448 and 474 nm) was much weaker in comparison to the NIR emission, as already reported before. 22 Faint UC emission of Tm 3+ was observed also around 540, 643, 658, and 695 nm. The small peaks at 582/592 nm can be attributed to impurities originating from the reagents. The dissolution of the fluoride Ln-NPs was analysed with an Orion 960 Autochemistry System using a combined fluoride ion selective electrode for a potentiometric determination of the F -using the multiple known addition method with a blank subtraction 22 while the concentration of dissolved cations (Ln 3+ , Y 3+ and Na + ) was determined using an optical emission spectrometer with inductively coupled plasma. For details see the Experimental section in the ESI. The F − was detected in aqueous suspensions of all the investigated Ln-NPs. In the following we compare the dissolution of the fluoride Ln-NPs with respect to the synthesis method/medium, matrix structure and composition, and particle size (Fig. 3): (1) Synthesis medium: No general difference was observed between the Ln-NPs synthesized in aqueous (HT) and non-aqueous (ST and TD) environments if samples of the same composition are considered. A lower dissolution was measured for the La-HT than for the La-ST NPs, but the latter were considerably smaller (see point 4). Meanwhile, the significantly lower dissolution of the NaY-TD in comparison with the NaY-HT and NaY-ST NPs can be attributed primarily to the difference in the crystal structure (see point 2). (2) Matrix crystal structure: Ternary Ln-NPs with a metastable cubic crystal structure (α-NaYF 4 : NaY-HT and NaY-ST) showed a significantly higher solubility than those with a thermodynamically stable hexagonal phase (β-NaYF 4 : NaY-TD). (3) Matrix composition: The Gd-NPs showed the lowest dissolution of F − among all the samples, while the highest dissolution degree was detected for metastable α-NaYF 4 NPs and 10-nm-sized La-ST NPs. The dissolution degree of the β-NaYF 4 NPs was comparable to those of the Gd-NPs. (4) Ln-NPs size: No significant effect of the Ln-NPs size on the dissolution of F − was observed. Only in the case of the La-NPs was a higher dissolution degree measured for the smaller La-HT than for the larger La-ST NPs. Although no general effect of the above-discussed parameters on the dissolution of fluoride Ln-NPs was observed, we can conclude, without any doubt, that the superior chemical stability of the NaY-TD NPs can be attributed to their thermodynamically stable, hexagonal structure (β-NaYF 4 ) in comparison to the NaY-ST and NaY-HT NPs with a metastable cubic structure (α-NaYF 4 ). This was further supported by the dissolution analysis of the other constituent ions in these samples. The concentrations of dissolved cations varied in a similar way to those of F − (Table 1) , again suggesting a superior stability of the NaY-TD NPs. The concentration of dissolved F − (per formula unit) was higher than that of the Ln 3+ , while the concentration of the dissolved Na + was by far the highest. A similar trend was observed before in binary fluorides, 13 while in ternary fluorides only the dissolution of Ln 3+ ions was analyzed 16 . ርሮ NPs െ Ln െ ሺ‫݃݅ܮ‬ሻ ௫ ሺsሻ (2b) (3) The dissolution only affects the surface layer, which is typically chemically and structurally defected in comparison to the core of the particle. Therefore it would be possible for the Ln-NPs surface layer to have an excess of F − . An even higher degree of the dissolution per formula unit was detected for the Na + (Table 1 ). This can be partly explained in a similar way as for the F − . Other possible source for the excessive Na + can originate from an inadequate purification step, during which the excess of Na + from the synthesis may not be completely eliminated. It would also be possible for the dissolution of the surface NaYF 4 layer to be accompanied by a transformation into YF 3 :
This explanation can be correlated with the lowest measured relative concentration of Y 3+ . A comprehensive additional study, beyond the scope of this work, is in progress to elucidate the dissolution mechanism of the fluoride Ln-NPs. Nevertheless, the dissolved ions may have a toxic effect on the cells. Here, the F − seems more problematic due to its higher solubility than that of Ln 3+ . For example, the concentration of F − in aqueous suspensions with 1 mg/ml of Ln-NPs having an α-NaYF 4 structure is around 0.2 mM (Table 1) . When the in-vivo local concentration of the Ln-NPs exceeds 5 mg/ml, the concentration of the free F − would be high enough to induce cell death by different mechanisms 18 (see above). In addition to this, in the acidic media (pH < 3.18), like, for example, in lysosomes, the dissolved fluorine species is HFwith pK a = 3.18, 23 which is even more toxic than F
Although Gd-NPs appear more stable and thus would be preferable for biomedical applications, binary fluorides, in general, suffer from a poorer UC fluorescence efficiency 1, 20 than can be achieved in the NaYF 4 matrix. Therefore, among the studied fluoride Ln-NPs, the most suitable ones would be NaY-TD NPs with a β-NaYF 4 structure, which show superior chemical stability and UC fluorescent properties (Fig. 2) .
Conclusions
Despite the known chemical stability and poor solubility of bulk Ln-based fluorides, this is not entirely true in the case of nanoparticles. The partial dissolution of Ln-based, fluoride, upconverting nanoparticles (NaYF 4 , LaF 3 and GdF 3 co-doped with Yb 3+ and Tm
3+
) was detected. Between 0.2 and 1.1 mol.% of F − was dissolved in the suspension of nanoparticles with a concentration of 1 mg/ml, while the fraction of the dissolved Ln 3+ was between 0.2 and 0.8 mol.%. The GdF 3 and β-NaYF 4 nanoparticles were more stable in comparison to the others. However, binary fluorides, in general, suffer from a poorer UC fluorescence efficiency 1, 8 than can be achieved in the NaYF 4 matrix. The chemical stability of the ternary Ln-based fluoride nanoparticles coincides with the thermodynamic stability of their crystal structures since the dissolution degree of the β-NaYF 4 nanoparticles was significantly lower than that of the α-NaYF 4 . Considering the great potential of UC NaYF 4 :Yb,Tm nanoparticles in biomedicine, their dissolution in water and the potential cytotoxic effects should be studied in more detail.
